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QQ ' D6-branes intersecting at angles allow for phenomenologically appealing constructions 

of four dimensional string theory vacua. While it is straightforward to obtain non- 
■ supersymmetric realizations of the standard model, supersymmetric and stable models 

f^*^ ' with three generations and no exotic chiral matter require more involved orbifold con- 

■^J- ' structions. The T 6 /(Z4 X Z2 X case is discussed in detail. Other orbifolds including 

f*^ ) fractional D6-branes are treated briefly. 
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1. Introduction 

In tersectin g D6-branes at ang (for a more complete list of references 

ge j5 | 6 | 7 |8]^a p rov icle a powerful framework for model building in type II super- 
string backgrounds. While compactifications on generic Calabi-Yau manifolds only 
allow to compute the RR tadpoles and the chiral spectrum, in toroidal and orb- 
ifold backgrounds conformal field theory methods facilitate the computation of the 
complete spectrum, and interac tions have a geome tric interpretation along the com- 
pact dimensional The Yukawe P" 3 1 1 4 | 1 5 1 1 6 I 1 7 1 1 1 $ ] an d n-point coupli ngj^ j proton 
decajE^, flavor changing neutral currentJ^22 threshold correctional as well as 
the tree- level Kahler- and superpotentia^Slcan be explicitly computed in this frame- 
work. 

Supersymmetric D6-branes at angles arise naturally in four dimensional orb- 
ifold/orientifold compactifications of type IIA string theorjJ^^ESEEEZI b if the 
worldsheet parity £1 is accompanied by an involution 1Z on the six compact di- 
mensions, i.e. 1Z 2 = 1, which leaves half of the internal directions invariant. The fix 
loci of lZ9 k , where generates the orbifold background, support 06-planes extended 
along IR 1,3 plus three compact dimensions, whose charge under the RR 7-form is 

a For works in the T-dual picture with D9-branes and magnetic backgr ounds see e.g. l ^ | m | H LL^l 
b For the first chiral supersymmetric spectra in this framework see also 1221101 
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2 Gabriele Honecker 

canceled by the addition of D6-branes also wrapping R 1,3 and three compact di- 
mensions. In general, the D6-branes do not wrap the TZ invariant cycles. For TZ 
to be a symmetry, therefore, brane images have to be included. If the 06-plancs 
wrap R 1,3 x IIo6j the D6 a -branes extend along R 1,3 x Il a and their TZ images along 
R 1,3 x H a ' with I1 Q ' = TZ(U a ) and rio6,n Q ,n Q ' denoting compact 3-cycles. The 
condition for the cancellation of the RR 7-form charge reads 

V(/ C 7 + [ C 7 )+Q 06 f C 7 = 0. (1) 

a yJm.^xna JR l . 3 xn a , ) JK 1 > 3 xn 6 

Including the possibility of N a identical D6 a -branes and inserting the value of the 
charge of the 06-plane Qoe> = —4 leads then to the following condition on the 
compact 3-cycles 

£jv a (n a + n a ,)-4n 06 = o, (2) 

a 

i.e. the cancellation of RR tadpoles is the Poincare dual of the requirement of an 
overall vanishing class of homology 3-cycles. 

The chiral spectrum as well as the RR tadpole cancellation can be expressed 
purely in terms of the topological setting along the compact dimensions. The inter- 
section number LI a o n fo between two kinds of D6 a - and D6h-branes counts the net 
number of chiral bifundamental representations of the gauge groups U(N a ) x U{Nb) 
involved. These bifundamental states are located at the pointlike singularity arising 
at the intersection of the 3-cycles along the compact dimensions. A negative inter- 
section number signals the existence of the complex conjugate representational The 
generic chiral spectrum is listed in table 1. 



Table 1. Generic chiral spectrum 







multiplicity 




rep. 


1 

? 

2 


(ii, 
(n 


n a on 6 
n a o n 6 , 
o u a , - n a o 
o n a , + n a o 


n 06 ) 
n 06 ) 


(N a , Nj,) 
(N Q , Nft) 
Sym a 

Anti a 



In generic compactifications with N a D6 a -branes wrapping cycles II a ^ H a i , 
unitary gauge groups U(N a ) arise which decompose then as SU(N a ) x U(l) a . For 
factorizable cycles with II a = II a ', additional open string states become massless, 
and N a branes plus their 1Z images support the gauge group Sp(2N a ) or SO(2N a ). 
The cubic non-Abelian SU(N a ) 3 gauge anomalies vanish automatically upon RR 
tadpole cancellation J2J, whereas mixed anomalies SU(N a ) 2 — U(l)b and U(l) 2 — 
U(l)b are in general present. The anomalous U(l) factors acquire a mass through the 
generalized Green Schwarz mechanism. The relevant couplings to four dimensional 
RR scalars and their Ho dge dual 2-forms are computed from the geometry of the 
compact space as follows I HEzED! Instead of expressing the 3-cycles in terms of an 
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arbitrary basis, two sets of linearly independent cycles Ilj can be chosen such that 
IZ (nf) = ±n^ with 11+ o TIJ = cSij and c a model dependent constant. The four 
dimensional RR scalars and 2-forms then arise as the pullbacks of the f2 even RR 
3-form over IZ even 3-cycles and the f2 odd 5-form over IZ odd 3-cycles, 

0. = (4ttV)- 3 / 2 / (W) C 3 , B\ = (4n 2 a')- 3/2 [ (W) C 5 . (3) 
Jxif Jnj 

A general 3-cycle and its 1Z image can be expanded in terms of its 1Z even and odd 
components, 

n a = ]T «n+ + <nr) , n a , = £ (r* n+ - <nr) . ( 4 ) 

i i 

The expansion coefficients r* , s l a of the 3-cycles reduce in the effective four dimen- 
sional theory to the coefficients of the Green Schwarz couplings, 

Y^2r\ [ <fnixF b AF b , N a V 2s* [ B l 2 MrF a . (5) 

The latter coupling induces a mass of the Abelian gauge field involved. Therefore, 
the massless U(l) factors Q = J2 a x aQa are those with a vanishing coupling to the 
2-forms, 

^2x a N a s a = 0. (6) 

a 

2. The T 6 /(Z 4 X Z 2 X Ml) Orientifold 

2.1. Geometry, super symmetry and RR tadpole cancellation 

The orbifold T 6 /(Z4 x Z2) has two generators, 

6: (z 1 , z 2 , z 3 ) —> (iz 1 , -iz 2 , z 3 ), 
lu : (z 1 , z 2 , z 3 ) — > (z 1 , — z 2 , -z 3 ), 

where z k = x 2+2k + ix 3+2k label the internal complex coordinates and x°, . . . ,x 3 
are the non-compact ones. The involution which accompanies the worldsheet parity 
is chosen to be 

lZ:z k — >z k , k= 1,2,3. (7) 

For consistency of the compactification, the orbifold lattice has to be invariant 
under this involution. The square tori T 2 , T| required by the Z4 symmetry have 
two possible orientations A and B w.r.t. the 7Z invariant axes x 2k+2 . The geometry 
is depicted in figure 1. The complex structure on T 2 is not fixed by the Z2 symmetry, 
and the toru s can be either rectangular with the axes along x 8 and x 9 or tilted as 
depicted.ED 

The Hodge numbers of this orbifold are h\i = 61, /i2,i = lJ^This means, that 
63 = 2 + 2/12.1 = 4 linearly independent 3-cycles exist. As in the T 6 /(Z2 x Z2) 
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Fig. 1. Geometric set-up of the T 6 /(Z 4 X Z 2 X Ml) orientifold. On if X T|, the square tori can 
have either orientation A or B w.r.t. the H invariant axis x 2+2k (k = 1,2). The torus Tg can 
be either untilted or tilted as depicted. Empty circles denote Z2 fixed points while filled circles 
correspond to points fixed under Z4. For further details see the paragraph below eq. ill! . 



case, all 3-cycles arc inherited from the underlying torus and are given by orbifold 
invariant quantities, e.g. p[ = (J2k=o® k )(^i=o ujl ) 7T i35 with 7ri 35 = m <g> tt 3 ® 7t 5 . 
A convenient choice of linearly independent 3-cyclcs is 



Pi = 4 ( n 135 - 7T245) , p' 3 = 4 (7ri3 6 - 7T 2 46) , 

P2 = 4 (7T235 + 71145) , Pi = 4 (7T236 + 7T146) , 

where the factor 4 arises from the invariance of any cycle under 2 and ui, and 
e.g. 8(71135) = — ^245. As in the T 6 /(Z2 x Z2) case (which has eight independent 
3-cycles), the unimodular basis is formed by the cycles pi = \p\ with intersection 
matrix 



/o -1 \ 
-1 



(8) 



10 

\o 1 j 

Any 3-cycle can be expressed as a linear combination of the pi. The coefficients of 
the factorizable 3-cycles arise as follows. A factorizable cycle a and its Z4 image (6a) 
are specified by the wrapping numbers {n%,m%) along the 1-cycles (7T2fe-i) 7T2fc), 

a : (n°7Ti + to°7t 2 ) <8 (n^ns + m^) ® (rig^s + m 3 n 6 ) , 
(9a): (-m^i + nln 2 ) <2) (m%n 3 ~ n%n 4 ) (g) (n%ir 5 + m^iTs) . (9) 

The homology 3-cycle wrapped by a factorizable D6 a -brane therefore is 

n a = Y a n a 3Pl + Z a n a 3 p 2 + Y a m^p 3 + Z a m^p 4 , (10) 

where the coefficients are Z4 invariant combinations of the wrapping numbers, 

Y a = (n\n a 2 ~ to?to§) , Z a = «mg + mjnf) . (11) 

The 7?. image cycle n a < differs for the six inequivalent choices of lattice orienta- 
tions: on Ti x Xf, these are AA, AB and BB; on Tf , a rectangular torus a with 
arbitrary ratio of radii r = R% / R\ has the 1Z invariant axis tt§ , and on a tilted torus 
b with r arbitrary (2^5 — tt§) is 1Z invariant. The latter two choices can be compactly 
treated by defining b = 0, \ for the rectangular and tilted torus, respectively. The 
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specific choices r = — ^ correspond to square tori with orientations A and B for 
b = 0, i, respectively. Observe that the choice of basis of the B orientation on Tg 
differs from those on T 2 x Tf . 

The TZ images of the basis follow from tensoring the results of the 1-cycles, in 
detail W2k-i — > Tafc-ij ^ik — > — i"2fc per A and 7r 2 fc_i <-> ^2k per B torus (fc = 1,2) 
and 7r 5 -5 7r 5 — (26)7r 6 , 7r 6 — 7r 6 on T 2 . The result is listed in table 2. 



Table 2. 7£ images of cycles for T 6 /(Z 4 X Z 2 X Q7£) 



lattice 


ft 


: Pi 


ft 


: P2 


ft ■ P3 


ft : P4 


AAa/b 


Pi - 


(2fc)p 3 


-P2 4 


- (2fe)p 4 


-P3 


P4 


ABa/b 


P2 - 


(2b)p 4 


Pi - 


(26)P3 


-P4 


-P3 


BBa/b 


-Pi 4 


- (26)p 3 


P2 - 


(26)p 4 


P3 


-P4 



The 7?. image of the cycle II a for the different lattice choices is given by 

r Y a n%p x - Z a n%p 2 - Y a [mg + (26)ng] p 3 + Z a [m§ + (26)ng] P4 AAa/b, 
n„/ = ^ Z„ngpi + - Z a [mg + (26)ng] - ^ K + (26)ngj p 4 ABa/b, (12) 

I -^ngpi + Z„ngpa + F Q [mg + (26)ng] - Z a [mg + (26)ng] p 4 BBa/b. 

An arbitrary cycle n a at non-trivial angles w.r.t. the TZ invariant axis on a generic 
T^does not preserve supersymmetry. The supersymmetry condition ^2 k=1 Triff. = 
0j^ — where w<p% — ir(<p% — |) (c = 0, 1 for A, B, respectively, and k = 1,2) is 
the angle w.r.t. the TZ invariant plane on T 2 and irip% is the angle w.r.t. iT2k-i ~ 
is cumbersome for computational purposes and more conveniently replaced by two 
conditions on the wrapping numbers rig , mg and coefficients Y a , Z a by using the fact 
that a vanishing sum over angles implies 



3 

E 

i=l 



tan tt^ = JJtanTn^. (13) 



Due to 



m a M a 

I?:i=l,2 tan7r^ = -f, T 3 2 : tanTr^ = -f r, (14) 



with Mg = mg + 6ng, the necessary supersymmetry condition in terms of wrapping 
numbers is 

AAa/b Z a n% + Y a M%r = 0, 

ABa/b {Z a -Y a )n a 3 + {Y a + Z a )M«r = 0, 

BBa/b -Y a n% + Z a M$r = 0. (15) 

Since the tangent is defined modulo it, l|15|) docs not distinguish between D6-branes 
and anti-D6-branes. The sufficient condition for supersymmetric D6 a -branes is the 
correct combination of signs for (Y a ,Z a ) and (ngjMg) such that all contributions 
to the RR tadpoles are positive, see eq. ijTo)) below. 
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6 Gabriele Honecker 

The 06-planes lie on the fixed planes of lZ<d k u> 1 and are explicitly given in terms 
of wrapping numbers and 3-cycles in table 3. Since e.g. on an A torus, two parallel 
vertical or horizontal planes passing through the origin and displaced by ^TT2k-l 
or are invariant under 1ZQ 2k uj l , in the last column the number of parallel 

06-planes is listed. The over-all cycle I±o6 is the sum over all possible fixed planes 
weighted by their multiplicities. 



Table 3. 06-planes for T 6 /(Z 4 x Z 2 x Ml) 



lattice 


(ni , mi ; ra 2 , rn 2 ; n 3 , m 3 ) 


Y 


Z 


cycle 




Tj x T 2 x T 3 


AAa/b 


(1,0; 1,0;^,^) 


1 





XZj I>1 - 6 P3] 




2 x 2 x 2(1 


-b) 




(1,1; 1,-1; ^j,^) 


2 





1^5 [pi - bp 3 ] 




1 x 1 x 2(1 


-b) 




(1,0; 0, 1;0, -1) 





1 


-PA 




2 x 2 x 2(1 


~b) 




(1,1; 1,1; 0,-1) 





2 


-2 P A 




1x1x2(1 


-b) 


ABa/b 


(I n- 1 i. -J— ^L) 


1 


1 


1^5 [Pi + P2 - &(P3 -1 


-P4)] 


2 x 1 x 2(1 


~b) 




Cl 1. 1 o- — — ) 


1 


1 


TZJ [pi + P2 - 6(P3 "I 


-P4)] 


1 x 2 x 2(1 


~b) 




(1,0; -1,1; 0,-1) 


-1 


1 


P3 - P4 




2 x 1 x 2(1 


-b) 




(1,1; 0,1; 0,-1) 


-1 


1 


P3 - PA 




1x2x2(1 


-b) 


BBa/b 


(0,1; 1,0;^,^) 





1 


XZfc [P2 - ^>P4] 




2 x 2 x 2(1 


-b) 




(1,1; 1,1;^,^) 





2 


[P2 - bp4] 




1 x 1 x 2(1 


~b) 




(0, 1;0, 1;0, -1) 


-1 





P3 




2 x 2 x 2(1 


~b) 




(1,1; -1,1; 0,-1) 


-2 





2p 3 




1x1x2(1 


-b) 



Taking into account the sublety that, effectively, the 06-planes wrap the short 
cycles pi while N a D6-branes wrapping the long cycles p.- support the gauge group 
U(N a ), the RR tadpole cancellation condition takes the form 

AAa/b : £ a N a [Y a n a 3 ( Pl - bp 3 ) + Z a M§p 4 ] = 12 [( Pl - bp 3 ) - (1 - b)p A ] , 
ABa/b : £ a N a [(Y a + Z a ) n a 3 ( Pl + p 2 - b(p 3 + p 4 )) + (Y a - Z a ) M 3 a (p 3 - p 4 )] 

= 16 [{pi +p 2 )-b (pa + p 4 ) + (1 - 6) (p 3 - Pi)] , 
BBa/b: £ a 7V a [Z a n§ (p 2 - b Pi ) + Y a M^p 3 ] = 12 [(p 2 - 6p 4 ) + (1 - b)p 3 ] . (16) 

For the explicit computation of the RR tadpole c ancella tion conditions via open 
string 1-loop amplitudes and worldsheet duality see^SEpJ 

The resolution of the cycles in terms of 1Z even and odd components is given 
in table 4 with Uf oll^ = — Tr&^*j an d K = 1 for AAa/b, BBa/b and n = 2 
for ABa/b. The conclusion that two RR scalars participate in the generalized 



Table 4. Tl even and odd cycles for T 6 /(Z 4 x Z 2 x Ml) 



lattice 








n 2 " 




AAa/b 


TTfc [Pl - bP3] 


P4 


P3 


-tMpz 


- bpi] 


ABa/b 


Y^j [Pl +P2 - HP3 +P4)] 


P3 - P4 


P3 + P4 


~T=E [pl - pa - 


- b(p s - pa)} 


BBa/b 


j4j [p 2 - bpi] 


P3 


P4 


-T^ [Pi 


- bpz\ 
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Green Schwarz mechanism and thus at most two U(l) factors can acquire a mass 
is confirmed by the explicit calculation of the closed string spectrum displayed in 
table 5. The untwisted sector provides two real RR scalars. Any other RR sector 
contains either vectors or no massless states. In table 5, the bosonic degrees of 
freedom (d.o.f.) in terms of real scalars and vectors are listed. The fermionic d.o.f. 
follow from supersymmetry. It can be easily checked that the number of closed string 
chiral and vector multiplets is indeed hi t i + /i2,i = 62. 

Table 5. Closed string spectrum for T 6 /(Z 4 X Z 2 X Ml) 

untwisted NSNS: Graviton + Dilaton + 7 scalars; RR: Axion + 1 scalar 

6 + e 3 NSNS: 16 scalars, RR: — 



9 2 AAa/b, BBa/b: NSNS: 20 scalars, RR: — ABa/b: NSNS: 18 scalars, RR: 1 vector 





AAa, 


ABa, 


BBa: NSNS: 24 s 


RR: 


AAb, 


ABb, 


BBb: NSNS: 


IS 


s RR: 3 v 




AAa, 


ABa, 


BBa: NSNS: 32 s 


RR: 


AAb, 


ABb, 


BBb: NSNS: 


24 


s RR: 4 v 


e 2 tv 


AAa, 


ABa, 


BBa: NSNS: 24 s 


RR: 


AAb, 


ABb, 


BBb: NSNS: 


18 


s RR: 3 v 



From the cycles (|10f) . their 1Z images (|12H . the supersymmetry condition Q15p. 
RR tadpole cancellation (|16(l and coefficients for the Green Schwarz couplings, any 
massless chiral spectrum and its physical U(l) factors can be computed. 

In the following section, some specific models are discussed. 

2.2. Chiral spectra: A no-go theorem for three generations 

The main goal of four dimensional string compactifications is to find stable vacua 
with the gauge group and chiral matter content of the standard model or, e.g. an 
SU(5) or Pati-Salam GUT model. While engineering the required gauge group is 
comparatively easy, obtaining three quark generations is a complicated, in some 
scenarios even impossible task. 

Three different phenomenologically appealing scenarios with a supersymmetric 
visible sector are conceivable in the framework of D6-branes intersecting at angles: 

(i) The gauge group contains SU(3) x SU{2) x E7(l). All left- and right-handed 
quarks are realized as bifundamental representations. Pati-Salam and left-right 
symmetric models also belong to this category. 

(ii) The gauge group contains SU(3) x SU(2). The left-handed quarks transform as 
bifundamentals, whereas the right-handed quarks are realized as antisymmetric 
representations of SU(3). 

(iii) The gauge group contains SU(5) x £7(1). The left handed quarks sit in three 
antisymmetric representations of SU(5), and three bifundamentals provide the 
remaining right-handed quarks. 

The three scenarios have to fulfill the following minimal requirements in order to 
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provide stabld^ESl genuine three generation models: 

• Supersymmetry of the visible sector. 

• Three intersections of the QCD-stack with a second stack. 

• No chiral fermion in the symmetric representation of the QCD-stack. 

The intersection numbers of factorizable 3-cycles and their 1Z images can be com- 
puted from ©, © and © , 

n a o n h = (Y a Y b + Z a Z b ) (-n§M| + M$n\) , 

( (Y a Y b - Z a Z b ) (n§M| + M$n\) AAa/b, 
n a o U b , = I (Y a Z b + Z a Y b ) (ngM| + M%n\) ABa/b, 
{ (~Y a Y b + Z a Z b ) (n|Mf + M£n|) BBa/b. 

The net number of fundamental representations of U(N a ) is therefore given by 

f 2 [y Q r fc M 3 Q n| - Z Z 6 ngM 3 6 ] AAa/b, 
n a o(n b + LV) = I (Y a + Z a )(Y b + Z b )M%n\ - (F„ - Z„)(n - Z t )nf M| ABa/b, (17) 
[ 2 [-r a n^p/! + Z a Z 6 M 3 a n|] BBa/b. 

For the untiltcd T 3 2 , b — implies that M| = m§ 6 Z, and it is evident that 
the AAa and BBa orientations can only provide even numbers of fundamental 
representations of U(N a ). This observation is independent of supersymmetry. 

If stacks of D6{,-branes are realized on top the 06-planes, the gauge group is 
Sp(2N b ), and the number of bifundamental representations is given by II a o Ilf,. In 
table 3, the wrapping numbers for the different 06-planes are given. If the cor- 
responding cycles are labeled by nfci,iT(,2 for rc.3 7^ 0, M3 = and n c i,IT C 2 for 
713 = 0, A/3 7^ 0, the intersection numbers of an arbitrary factorizable cycle ±1 Q with 
the 1Z invariant ones are 

( lY a , (kZ a AAa/b, 

n Q o U bl = — -M 3 a I (Y a + Z a ), H a o n cfe = n§ I (Z a - Y a ) ABa/b, (18) 
{ lZ a , { -kY a BBa/b. 

For k, I — 2 and the AAa/b, BBa/b lattices, odd numbers of generations are not 
possible. As in the discussion of i|17|) . the statement is independent of supersymme- 
try. 

The number of (anti)symmetric chiral representations is computed from 

({Y^-Zl) AAa/b, 
n Q o n a , = 2n 3 l M 3 a I 2Y a Z a ABa/b, 
{(Zl-YZ) BBa/b, 

r 3 [Y a M% + (1 - b)Z a n%] AAa/b, 
n„on 06 = 2 2 [(Y a + Z a ) Af 3 a - (1 - b) (Y a - Z a ) n a 3 ] ABa/b, (19) 
[3[-(l - b)Y a n a 3 + Z a M*} BBa/b, 

and only for II a o n a / = II a o II06, the spectrum is free of chiral symmetric states. 
By (|15fl . at the special radii r = y^-g all supersymmetric 3-cycles fulfill H a oH oe = 0. 
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This means that the number of antisymmetric and symmetric representations are 
zero simultaneously and only scenario (i) is potentially accessible. 

Formally, I1 Q o LLy = n a o IT 06 , U a o (U b + ILy ) = ±3 (or Il a o U M /ck = ±3 due to 
SU(2) = Sp(2)) and the supersymmetry condition l(T~|> can be solved for (n^raf), 
(Yq, Z a ), b and r. It turns out that the solutions require a square T| , i.e. r = j^. 
and e.g. on BBA/B (n^,m^) = (1,-1), (Y a ,Z a ) = (—3,3) up to exchanging II a 
with its 1Z image II a /. However, the expansion in terms of wrapping numbers 
(n^,m^) which have to be coprime per T£ (k — 1,2) does not have any solution 
to \Y a \ = \Z a \ = 3. The computation for the AAa/b and ABa/b orientations is 
analogous. In particular, all results for AAa/b are obtained from those of BBa/b 
by substituting (Y a , Z a ) ->• {-Z a , Y a ). 

In summary, on the T 6 /(Z4 x Z2 x VlTZ) orientifold no genuine three generation 
models on factorizable 3-cycles fulfilling the requirements stated at the beginning of 
this section exist. In the next section, we present instead a 2+1 generation model. 

2.3. A 2+1 generation model with brane recombination 

j n EHEEI a 2+1 generation model on the ABB lattice was presented which contains a 
breaking SU(3) 2 — > SU(3)diag and thereby converts the cycle which the QCD-stack 
wraps into a non-factorizable one. The SU (2) l x SU (2)r stacks remain factorizable, 
allowing for the computation of all possible Higgs-multiplet candidates from the 
non-chiral sector. _____ 
In this section, we present a similar construction on the BBB lattice. As inE_E_l 
two non-trivial kinds of D6 aj -branes with angles (fix, if 2, ¥>3) — = (1/4, 0, —1/A)tt and 
(0, 1/4, — l/4)7r w.r.t. the TZ invariant axis together with the D6b;- and D6 c fc-branes 
on top of some 06-planes are needed. The set-up is given in table 6. The resulting 



Table 6. D6-brane configuration for a 2+1 generation model with b = i and r = 2 



D6-brane 


N 


(ni ,mi;n2,m2;nz,mz) 


Y 


Z 


cycle 


ai 


3 


(0,1;1,1;1, -1) 


-1 


1 


[-pi + P2 - (-P3 + pi)] 


0$, i = 1,2,3 


1 


(1,1;0,1;1, -1) 


-1 


1 


[-pi +P2- (~P3 + Pi)] 


61 


1 


(0,1;1,0;2,-1) 





1 


2 [p 2 - bp 4 ] 


b> 


1 


(1,1;1,1;2,-1) 





2 


4 [pa - bpi] 


Cl 


1 


(0,1;0,1;0,-1) 


-1 





P3 


C2 


1 


(1,1;-1,1;0,-1) 


-2 





2ps 



gauge group is 

U(3) al x (U(l) a2 ) 3 x SU(2) bl x SU(2) b2 x SU(2) cl x SU(2) c2 (20) 

with the identification Sp(2) = SU(2). The three stacks wrap the same cycles 
and are parallely displaced on some 2-torus, e.g. on T|. 

The massless U(l) factors can be computed using |JBJ and table 4. It turns out, 
that apart from B — L, which occurs in all known left-right symmetric models 
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with D6-branes at angles, two additional [7(1) factors remain massless but without 
obvious physical interpretation, 

Qb-L = ^Qal - Qrt> 

Q" = lQ a i + lQ$-Q$-Q$- ( 21 ) 

The fourth [7(1) factor acquires a mass through its non-vanishing coupling to the 
B 2 . The gauge group of the set-up with factorizable 3-cycles therefore is 

SU(3) al xSU(2) bl x SU(2) b2 x SU(2) cl x SU(2) c2 x[7(l) B _ L x[[(l)'x[7(l)''x[7(l) TO .(22) 

V v ' V v ' 

The chiral spectrum is given in table 7. In order to shorten the notation, a 3 i of 



Table 7. Chiral spectrum of the 2+1 generation model 



Sector 


rep 


B - L 


particle 


Sector 


rep 


B - L 


oibi 


(3 a l, 2 H ) 


-1/3 


Qr 


(2) , 


(T o2 (2),2i,l) 





0162 


2(3 a i, 2 b2 ) 


-1/3 


Qr 


(2) j 


2(l a2 (2) , 2(, 2 ) 





01 Cl 


(3 a i, 2 c i) 


1/3 


Ql 


(2) 
a 2 ci 


( 1 a2< 2 )' 2 d) 





<J1C2 


2(3 a i, 2 C 2) 


1/3 


Ql 


(2) 
a 2 c 2 


2(l„ 2 (2), 2 c2) 





a^ bl 
a£h 2 
a« Cl 


(T a2 (i). 2 6l) 
2 ( 1 a2< 1 )' 2 62) 

(la2(D. 2 cl) 
2(l o2 (i),2c2) 


1 
1 

-1 
-1 


Er,Nr 
Er,N r 

L 

L 


(3) 7 
aj 01 

af 02 

(3) 
a 2 c 2 


(T a2 (3),2 6 i) 

2 ( 1 a2< 3 )' 2 i'2) 
(l a2(3) ,2 c i) 

2(l a 2<3)- 2 C 2) 









SU(3) a i x U(\)ai is denoted as 3 a i and l a2 (i) denotes charge —1 under £/(l)^. 
The particles on the left side of the table have the quantum numbers of the left- 
right symmetric standard model provided that two brane recombinations occur, 
namely SU(2) bl x SU(2) b2 -» SU(2) R and SU(2) cl x SU(2) c2 -» S , C/(2) L . In both 
cases, 61 and (<d k b 2 ) as well as Ci and (<d k c 2 ) are parallel on T| and intersect once on 
Tj 2 x T 2 for fc = 0, 1 each. The intersections provide two hypermultiplets in (2m, 2 b2 ) 
and (2 c i, 2 c2 ) which are required for D- and F-flatness of the brane recombination 
process. Since the recombined branes still factorize into 2-cycles times 1-cycles on 
T 4 x T3 , the recombined stack B = b\ + b 2 can be displaced from the TZ invariant 
position on Tf . In this way, the electro weak breaking SU{2)rxU{1)b-l —* U(l)y x 
[7(1)"' can be realized. 

The states listed on the right side of the table constitute additional vector-like 
matter. 

A similar construction is possible on the AAB lattice as is immediately evident 
from the symmetry of the formulae under the exchange (Y a ,Z a ) — ► (—Z a ,Y a ). 

In constrast to the previously presented model on the ABB lattice, the con- 
struction is not based on a Pati-Salam group SU (4), and the non-factorizable branes 



February 1, 2008 18:55 WSPC/INSTRUCTION FILE 

briefreview"NlSUSYV2 



Chiral N=l J^d Orientifolds with D-branes at Angles 11 

arise from the 'leptonic' and 'right' stacks. The lengths of the cycles H a i and H a 2, 
however, are identical as in any Pati-Salam construction and thus fulfill a minimal 
requirement on a possible gauge unification!^ 

3. Genuine three generation models on isotropic tori 

In section |2~2*1 it has been shown that on the T 6 /(Z4 x Z2 x HTZ) orientifold, phe- 
nomenologically interesting supersymmetric genuine 3-generation models are not ac- 
cessible. The analysis includes only the conditions for supersymmetry, no symmetric 
representations on the QCD-stack and three quark generations. If these conditions 
were fulfilled, the next requirement would be that the QCD-stack did not intersect 
with any of the remaining stacks of the model besides from those providing the left- 
and right-handed quarks. In the following, we briefly discuss how phenomenological 
model building with D6-branes at angles in other orbifold backgrounds is affected 
by these restrictions. 

The remaining symmetric orbifolds which preserve AT — 1 supersy mmetry and 
have f actorizab le tori and 3-cycles fall into two classes. The T e /(Z 2 x z 2 JSHESEIiBIB 
r 6 /Z i 24 ' 41 l 4 ^and T 6 /(Z 3 x Z 3 j23 orbifolds have only bulk cycles and TV = 4 gauge 
multiplets, whereas fr actional 3-cycles a nd N = 2 gauge multiplets occur for T 6 /Zat 
(N = 4, 6, and T 6 /(Z 6 x Z 3 J™. 

3.1. Orbifolds with factorizable 06-planes and bulk cycles only 

The T 6 /(Z2 x Z2) case has been studied in great detail. The Z2 actions do not 
constrain the ratio of radii on any 2-torus, and there is a rich variety of models 
which in general require anisotropic compact dimensions. However, also on this 
orbifold, there is not any known model fulfilling all requirements mentioned in 
section 12.21 plus vanishing intersections of the QCD-stack with any further stack, 
see e.g.ESESEII an( j the exotic chirals have to confine into composite matter fields 
due to a strongly coupled hidden sectoi^SI which can also lead to a dynamical 
supersymmetry breaking!^ 

The T 6 /Z3 and T 6 /(Z3 x Z3) orbifold are not suitable for supersymmetric model 
building since only two linearly independent bulk cycles exist. Supersymmetry 
projects onto one specific bulk cycle, and all intersection numbers among D6-branes 
and with the 06-planes vanish automatically. Therefore, no chiral fermions arise in 
supersymmetric set-ups. 

3.2. Orbifolds with factorizable 06-planes and fractional cycles 

For the T 6 /Z4 case, the RR tadpole cancellation conditions and supersymmetric 
fractional cycles were computed and a 1+1+1 generation model has been pre- 
sented S3J The shape of the tori is identical to the T 6 /(Z4 x Z2) case, but the 
exceptional cycles change the pattern of possible intersection numbers. The exami- 
nation of this pattern shows that supersymmetric genuine three generation models 
are not accessible. 
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The T 6 /(Zg x Z3) orbifold hasf^up to normalization, the same bulk 3-cycles 
as T 6 /Z 3 plus two exceptional 3-cycles stuck at the Z 2 fixed points. The geomet- 
ric interpretation of the loop channel amplitudes enforces a specific combination 
of the supersymmctric bulk 3-cycle with exceptional ones, not leaving enough free- 
dom for phenomenological model building. The T 6 /Zg and T 6 /Zg orbifolds have 
enough bulk and exceptional 3-cycles to be of phenomenological interest. While the 
latter case is currently under investigational, the former has already been exam- 
ined systematically^! It turns out that in this background genuine three generation 
models exist which fulfill all the requirements mentioned above. As observed first for 
toroidal compactificationa^fl, the RR tadpole cancellation conditions are stronger 
t han the conditions on vanishing gauge anomalies. Therefore, all models constructed 
irP 

have a non-minimal Higgs sector. In particular, one obtains exactly the chiral 
spectrum of the supersymmetric standard model with three Higgs generations and 
isotropic compact dimensions. In the remainder of this section, we briefly comment 
on the construction of this supersymmetric standard model on fractional branes in 
the T e /Z 6 case. 



3.2.1. Generalities on fractional branes 

In order to clarify the role of the exceptional cycles, let us first look at six di- 
mensional IIB oricntifolds on R 1 - 5 x T 4 /(Zjv x Q1Z). The closed string spectrum 
of the IIB theory containJ^I in the k th twisted sector a NSNS triplet of scalars Xfc 
associated to the metric moduli (complex and Kahler deformations) and a NSNS 
scalar b?^ = J {k) ^ W ^B2 per fixed point. The RR sector contributes a RR scalar 
4>k = J e(k ) ( 10 -'C2 and a 2-form C\ = J e(k) ^^C^ per fixed point. The fermionic 
superpartners arise from the R-NS and NS-R sectors. 

The orientifold projection £1 identifies the k th twisted sector with its inverse 
(N — k) th sector. For N odd, the counting of the twisted closed string states com- 
prises the sectors k = 1, . . . , [N/2] and k — [N/2] + 1, . . . , JV — 1 contains no further 
physical d.o.f.. In terms of the Fourier transformed formulation, this means that 
exceptional cycles from inverse sectors are identified, — > ±e( N ~ k \ For N odd, 
an additional sign in the projection corresponds to a redefinition of the inverse cycle 
and does not affect the closed string spectrum. For N = 2M, the same reasoning 
applies to all sectors with k ^ M, whereas the contribution to the closed string 
spectrum from Z2 twisted sectors depends on the sign which the exceptional cycle 
picks up. 

The general situation is different for the projection £17Z. In this case, the orien- 
tifold projection preserves each twist sec tor sep arately, e^ -5 e^ k \ and the explicit 
computation of the closed string spectr a I I shows that if the orbifold fixed point 
at which the cycle is located is also invariant under 1Z, one hypermultiplet per 
twist sector emerges, while orbifold fixed points which form pairs under 1Z support 
a hyper and a tensor multiplet. 

The 07-planes wrap the factorizable bulk cycles which are invariant under some 
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element VLTULk of the orientifold group. However, in general not the bulk cycles but 
rather linear combinations of bulk and exceptional 2-cycles of the form 

nf ac = ^ lk + (e lk + (~iPe jk + (-ipeu + (-1)^+^,) (23) 

provide an unimodular basis for the lattice on T 4 /Z2 where i,j 6 T 2 and k, I € T| 
label the fixed points the bulk cycle passes through, tq = 0, 1 corresponds to the 
eigenvalues ±1 of Z2, and r k — 0, 1 denotes a discrete Wilson line on T 2 (k = 1, 2). 
Any bulk cycle which passes through the orbifold fixed points can be decomposed 
into its fractional components, U b a ulk = \ (n b a ulk + U e a x ) + \ (U b a ulk - W a x ). While 
N a D7-branes on a bulk cycle away from the orbifold point provide the gauge 
group U(N a )diag, on the fixed points (at the 'enhancon') each kind of N a opposite 
fractional D7-branes provides the gauge group U(N a ), i.e. U(N a )di ag — * U(N a ) 2 ^^ 
If furthermore the cycles are their own WZ images, each U(N a ) is enhanced to 
SO{2N a ) or Sp(2N a ). 

The general line of reasoning carries over to IIA models on T 6 /Z2jv with D6- 
branes. In the Z2 subsector, the theory takes the local form T 4 /Z2 x T 2 , and the IIA 
orientifold is obtained from the IIB theory in this section by applying one T-duality 
along the additional 2-torus. The exceptional 3-cycles decompose into exceptional 2- 
cycles times bulk 1-cycles, and the RR fields of the effective four dimensional theory 
are given in The orbifold invariant bulk and exceptional cycles are computed 
along the same lines as for the T 6 /(Z4 x Z2) case described in section |2~T1 and the 
fractional cycles are computed in the spirit of 1)23(1 . 

3.2.2. Three generations on the T 6 /Zg orbifold 

The T 6 /(Zg x HTZ) model with fractional D6-branes at angles is the first known 
case with three quark generations and no additional chiral matter charged under 
the QCD-stack. In this construction, the replication of generations occurs via an 
intriguing interplay between discrete Wilson lines and the Z3 symmetry on the addi- 
tional 2-torus, see figure 2. The observation that three families arise naturally f rom 
Z3 singularities is known from heterotic compactifications for nearly 20 yearJ^l 
However, the discrete Wilson lines in the model with D6-branes at angles belong to 
the Z2 singularities of the orbifold symmetry Zq . 

The details of the construction can be found i rP. The chiral content of the 
supersymmetric standard model can be obtained from five stacks of D6-branes in a 
great variety of geometric settings. The chiral spectrum is insensitive to the specific 
realization and listed in table 8. The initial gauge group of the construction is 
U(3) a x U(2)b x U(l) c x U(l)d x U(l) e , and after the generalized Green Schwarz 
mechanism, the anomaly-free group is 

SU(3) a x SU(2) b x U(1) B - L x U(l) c x U(l) e x U(l) 2 nassive . (24) 

The hypercharge is a linear combination of the massless Abelian groups, 
Qy = ^(Qb-l + Qc)- 
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i. xA5 




nl 



Fig. 2. Torus with Z3 invariance. Filled circles denote points fixed under Z3. In case of a Zg 
symmetry, the empty circles are invariant under the Z2 subgroup. The origin is fixed under the 
complete orbifold group, whereas the fixed points of Z2 , Z3 elements are permuted by the generator 
of As for the square tori of section 12.11 two orientations A and B are consistent with the 
involution TZ. 



Table 8. Chiral spectrum of 5 stack models on T 6 /(Zg X f27?.) 





sector 


SU(3) a x SU(2) b 


Qa 


Qb 


Qc 


Qd 


Qe 


Ql 


ab' 


3 x (3, 2) 


-1 


-1 











Ur 


ac 


3 x (3, 1) 


1 





-1 








Dr 


ac' 


3 x (3, 1) 


1 





1 








L 


bd' 


3 x (1,2) 





1 





1 





Er 


cd 


3 x (1, 1) 








1 


-1 





Nr 


cd' 


3 x (1, 1) 








-1 


-1 







be 


3 x (1,2) 





1 








-1 




be' 


3 x (1,2) 





1 








1 



_ 1 

_? 

3 
-1 

1 

1 






The masses of the anomalous U(l) factors and the non-chiral spectrum depend 
on the geometric details of the construction. In some cases, it is possible to recombine 
the stacks c and e such that the remaining two kinds of chiral multiplets obtain the 
quantum numbers of the Higgs particles. In this case, the Higgs sector is three 
times the one of the minimal supersymmetric standard model as expected from the 
'anomaly' constraint on the U (2)& gauge factor. 

The construction of left-right symmetric extensions of the standard model on 
T 6 /(Zg x HTZ) follows the same lines, and again the Higgs sector is three times the 
minimal one. 

The phenomenology of this class of models is currently under investigation EOI 
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